Silicalite-1 is pure polymorph silica that is considered a member of zeolite family due to the similarity of its framework to the well-known ZSM-5. It is an organophilic and hydrophobic material with molecular sieving property that allows it to be widely used as an adsorbent. In this work, silicalite-1 is synthesized by conventional hydrothermal treatments at atmospheric (T = 80 °C) and high pressures (T = 150 °C), respectively. In addition, the procedure is repeated using ultrasound waves during the mixing and ageing steps to shorten the synthesis time. The high crystallinity and phase purity of high-temperature autoclaved and sonicated samples are confirmed by X-ray powder diffraction and scanning electron microscopy results. Moreover, adsorption equilibrium of CH 4 and CO 2 has been studied experimentally to investigate the influence of textural properties of the obtained products on their adsorption performance. The experiments were performed in a batch system on the basis of a volumetric measurement technique at various operating conditions. The sonicated silicalite-1 showed a higher CO 2 /CH 4 selectivity at lower pressures, while the autoclaved sample possessed higher adsorption capacity for both CO 2 and CH 4 . These results are explained on the basis of a difference between the inter-crystalline pore volumes, morphology and surface acidity of the fabricated adsorbents. The experimental isotherms were modelled based on the Toth equation by minimizing the mean relative difference between the model and experimental adsorption capacity.
INTRODUCTION
Contamination of CO 2 is one of the most important reasons for the reduction in gas energy content. As a result of contamination, CO 2 can become acidic and corrosive in the presence of water, which causes problems in its transportation and storage (Venna and Carreon 2010). Therefore, CO 2 has to be separated from methane to purify the natural gas and to eliminate its harmful effects. In addition, the selective removal of CO 2 from gaseous mixtures is necessary to address environmental and energy-related problems (Shimekit and Mukhtar 2012) . Amine absorption is the most widely used method for the removal of CO 2 from CH 4 streams (Rinprasertmeechai et al. 2012) . However, the industrial use of this technique might be limited by its high complexity. Therefore, it is vital to find another cost-effective method that can achieve such a separation in a selective and efficient way at ambient conditions (Yang et al. 2008) . Adsorption using nanostructured zeolitic materials can be proposed as a great alternative Martin et al. 2012 ). Adsorption using microporous or mesoporous zeolite molecular sieves is a promising method for the elimination of CO 2 , avoiding regeneration and corrosion problems resulting from traditional solvent absorption methods (Poshusta et al. 2000) .
Zeolites are crystalline highly porous aluminosilicates with numerous different industrial applications. They can separate and sieve molecules based on their size or shape. Therefore, further research on zeolite adsorption capacity and operating conditions is needed.
In a previous study, the adsorption capacities of two commercial adsorbents (i.e. 13X and Zeocarbon or X/activated carbon composite) were compared at different temperatures ranging from 273 to 353 K (Lee et al. 2002) . The adsorption of CO 2 on zeolite 13X showed a more favourable isotherm than that on Zeocarbon. Correlation of experimental data with Toth and Sips equations showed the smallest deviations for either zeolite. Adsorption equilibrium of several gases on high-silica zeolites including commercial and lab-synthesized samples was investigated at 298 K (Boa et al. 2011) . It was demonstrated that the synthesized adsorbents possess high potential to be used for CO 2 separation from flue gasses. In addition, adsorption behaviours of CO 2 , N 2 and CH 4 on all silica zeolites were analyzed by experiments and molecular simulation (García-Pérez et al. 2007) . The adsorptions of all mixtures were in favour of CO 2 but its amount was dependent on adsorbent structure and bulk gas composition.
In 1994, adsorption of CO 2 , CH 4 , CO, N 2 , H 2 , Ar and Kr on a non-polar adsorbent (i.e. silicalite-1) was investigated for the first time. It was concluded that the adsorption characteristics of these gases on silicalite-1 are diverse because of the differences in their size, polarizability and permanent polarity (Golden and Sircar 1994). Silicalite-1 is a microporous isostructural silica with an MFI structure that was first introduced by Flanigen et al. (1978) at Union Carbide as a hydrophobic polymorph silica. Silicalite-1 consists of eight five-membered oxygen rings of SiO 4 tetrahedra, which form a pentasil chain. These chains link together and create straight elliptical channels with dimensions of 5.6 ∞ 5.3 Å, and sinusoidal circular channels with dimensions of 5.1 ∞ 5.5 Å (Abrams and Corbin 1995; Wamakima 2010) . These openings give silicalite-1 great size and shape selectivity, which are the major features for a good adsorbent. Besides, its hydrothermal stability provides an energetically homogenous structure for the adsorption of small gas molecules. Adsorption of different adsorbates including CO 2 and CH 4 on silicalite-1 was studied using gravimetry methods at two different temperatures (Choudhary and Mayadevi 1996) . Different equations were used to model adsorption behaviour of all these gases. Adsorption equilibrium data of different hydrocarbons and carbon dioxide on silicalite-1 were measured gravimetrically (Sun et al. 1998) . The adsorption isotherms for both CO 2 and CH 4 gases were of Type I in the Brunauer classification and the virial equation was fitted to the isotherm data.
Silicalite-1 can be produced through a variety of methods including hydrothermal and ionothermal routes (Ravishankar et al. 1998; Kalipcilar and Culfaz 2000; Lin 2012 ), sonication (Gurbuz et al. 2012 ) and microwave irradiation (Kim et al. 2001; Sistani and Ehsani 2010) . Hydrothermal process is a simple route that can be performed in a wide range of temperatures (from 60 to 200 °C). Normally, silicalite-1 is synthesized by crystallization of an alkali gel or clear solution that is prepared by mixing an organic structure directing agent (SDA) with a silica source using an alkali agent, if necessary.
In the past decade, several teams studied the synthesis of silicalite-1 under different hydrothermal conditions and investigated the influence of various synthesis parameters under these conditions. For example, Song et al. (2004) successfully synthesized silicalite-1 with crystal sizes ranging from 20 to 1000 nm from clear gel solutions with different compositions under various crystallization temperatures and duration. Two types of set up, namely, a glass flask equipped with a condenser and an autoclave, were used in the crystallization step. In addition, synthesis of pure TPA-silicalite-1 (tetrapropylammonium from silicalite-1) using various basic clear solutions at 95 °C was studied (Yang and Navrotsky 2004) .
Thermochemistry of crystallization and alkalinity solution changes were monitored to investigate thermodynamic and kinetic aspects of synthesis process. Naskar et al. (2011) tried to investigate the influence of processing time and temperature and water content on the crystallization of silicalite-1 powder. Silicalite-1 powder and membrane were synthesized using different template and silica sources under several specified hydrothermal conditions in an autoclave or in a heater-stirrer setup (Soydas , et al. 2009 ). Effect of different parameters, template concentration, particularly on the overall conversion rate, nucleation period and particle-size distribution was studied.
In this contribution, silicalite-1 is synthesized by two different thermal routes. The difference between these two methods relates to crystallization temperature and set up. Our aim was to examine the manner in which crystallization and formation of particles depend on the type of crystallization vessel and temperature. In addition, the synthesis time was shortened by taking advantage of ultrasound waves in reactant mixing and ageing levels. Ultrasound waves pass though the liquid-solid system and improve the rate of mixing and mass transfer by promoting motion of microscopic layers. As far as we know, sonication in mixing level has not been reported previously. The CO 2 and CH 4 equilibrium adsorption experiments based on volumetric measurement method were carried out to determine the adsorption capacity and selectivity of each synthesized adsorbent. Experimental data were correlated with Toth equation to derive an applicable model for the dynamic adsorption processes of the so-called gases.
EXPERIMENTAL SECTION

Materials
Tetrapropylammonium bromide (TPABr, 99%; Merck), colloidal silica (LUDOX AM-30, 30% SiO 2 ; Aldrich) and sodium hydroxide (98%; Merck) were purchased and used as organic SDA, silica source and alkali agent, respectively.
Synthesis
Synthesis of Conventional Silicalite-1
The silicalite-1 particles were synthesized by mixing an aqueous solution of colloidal silica, TPABr and NaOH to attain high pH. The synthesis mixtures with a molar composition of 100 SiO 2 :20 TPABr:3 Na 2 O:4000 H 2 O were prepared by dissolving sodium hydroxide in a small amount of water. Solid TPABr along with the remaining water was then added to the mixture. After complete dissolution of SDA, colloidal silica was added smoothly until a homogenous gel was obtained. Finally, the resultant mixture was allowed to hydrolyze at room temperature for 14 hours under continuous stirring. A magnetic stirrer was used for stirring the mixture at 500 rpm. The final gel was divided into two parts: One part was transferred to an autoclave to crystallize at 150 °C under static condition. Another part was transferred to a polypropylene bottle and placed on a magnetic heater and stirrer under atmospheric pressure with reflux at 80 °C to crystallize. A condenser was put on top of the flask to provide reflux under stirring to avoid steam loss. The final products were collected after 24 and 80 hours. Silicalite-1 crystals were centrifuged at 4000 rpm and repeatedly re-suspended in deionized water until the sol exhibited a pH value of approximately 9. The as-synthesized samples were dried at 100 °C for 12 hours and further calcined at 500 °C for 6 hours with a heating ramp rate of 1 °C/minute.
Synthesis of Silicalite-1 with Ultrasonic-Assisted Mixing and Ageing
All the aforementioned procedures were repeated except the mixing and ageing parts that were fulfilled under ultrasonic irradiation. Sonication treatment was performed at a frequency and power of 42 KHz and 170 W, respectively. Reactants were mixed in the same order for 0.5 hours under irradiation to allow for the cleavage of Si-O bond and to achieve complete hydrolysis. Colloidal silica was added slowly (1 cc/80 seconds) to depolymerize and condensate into silanol groups to a great extent. Another ageing step was performed for 0.5 hours to allow for the formation of primary nuclei. Crystallization was performed only in an autoclave. The drying and calcination steps were performed as mentioned earlier.
Adsorption Measurements
Apparatus and Method
In this work, a high-pressure system that works according to the volumetric measurement method is used to determine the adsorbed amount of CH 4 and CO 2 on silicalite-1. The experimental setup scheme is depicted in Figure 1 . As the first step, 3.5 g of each adsorbent was placed in the adsorption cell and degassed by N 2 at 220 °C for 4 hours under vacuum. To derive singleadsorption isotherm, each hydrocarbon gas was injected to the loading cell for different stages with initial pressures from 100 to 1000 kPa at a constant temperature. In each initial pressure level, the adsorption tests were carried out by opening the valve between the loading cell and the adsorption cell. The pressure sensor was changed during adsorption and stopped at a constant amount after equilibrium was achieved. Thereafter, the next pressure level test was started by injecting more gas to the loading cell. After completing an isotherm test, the new temperature was regulated and another isotherm test series were replicated. 
Instrumentation
The X-ray powder diffraction (XRD) patterns of silicalite-1 adsorbents were recorded at ambient temperature using a Philips X'pert system in the 2θ range of 5°-50°using Cu-K α1 radiation (λ = 1.54056 Å). Field-emission electron microscope (Hitachi, S-4160) was used to capture fieldemission scanning electron microscopy (FE-SEM) images. The 10-point N 2 adsorption and desorption isotherms of the obtained materials were measured using a BELSORP mini automatic gas adsorption apparatus. Total surface area, total pore volume and average pore diameter were calculated by the BET and Barrett-Joyner-Halenda (BJH) methods. Samples were outgassed overnight at 300 °C under vacuum before the analysis. Figure 2 shows the XRD patterns of all the synthesized samples. As it can be seen, an amorphous phase is produced at low temperature when using the pressure magnetic heater and stirrer setup. According to previous studies, the only convex pattern around 22°is characteristic of amorphous silica (Jacobs et al. 1981; Yeong et al. 2009 ). Therefore, it is deduced that mostly amorphous silica particles are formed during synthesis. This product was not considered as the adsorbent because of its very low surface area and adsorption capacity. It is believed that the starting supersaturated gel transforms into a particulate material (co-gel), which is entirely amorphous (Li et al. 1999; Van Grieken et al. 2000) . This amorphous phase is the product of reconstruction of heterogeneous gel-phase particles through the solid-solid transformation mechanism. The primary nuclei transform into secondary units by aggregation in which the first signs of crystallinity appear. These secondary units grow by packing and linking to the remaining primary units and finally transform into silicalite-1 particles. Based on existing facts, it is concluded that the autogenous pressure at 80 °C is not sufficient to lead primary units to link together and aggregate and transform into secondary units. In fact, based on the crystallization temperature, pressure rises autogenously and provides a suitable medium for primary nuclei to grow using the nutrients supplied in synthesis precursor and reach their final size. In addition, sealing of this set up is believed to be incomplete. In this case, gel composition changes during the synthesis, resulting in defects and growth of primary particles and production of impurities.
RESULTS AND DISCUSSION
Adsorbent Characterization
Changing the crystallization apparatus from a heater-stirrer to an autoclave tremendously enhances crystal formation. By comparing the peaks in Figure 2 with reference peaks in Figure 3 , it is clear that pure silicalite-1 crystals are produced at high temperature in the autoclave. In addition, the fully crystalline MFI structure of the sample produced by taking advantage of ultrasound waves is confirmed by XRD spectrogram. The confirmed products, that is, Samples b and c, are hereafter referred to as CON-SIL and SON-SIL, respectively. The FE-SEM micrographs of both samples are represented in Figures 4 and 5 . An analysis of the samples shows crystalline products with different size and morphology. The FE-SEM images of the CON-SIL sample show very uniform particles with well-defined shapes and no amorphous matrix. The particles have similar spheroidal shape with a mean size of 4 µm. By contrast, two types of microcrystals with different sizes ranging from 1 to 2 µm and 10 to 20 µm could be observed in the SON-SIL sample. This broad size distribution is due to the heterogeneous nucleation in short irradiation time. In addition, some amorphous silica species are observed that are the result of deficient silica hydrolysis. By contrast, irradiation time or power was not regulated adequately to cleave SiO 2 bonds completely. Prolonging both mixing and ageing time under irradiation might help in producing more uniform crystals.
Crystal size and yield are listed in Table 1 . The estimated crystal sizes are in good agreement with FE-SEM results. Higher yield of SON-SIL sample can be attributed to the presence of large silicalite-1 aggregates and amorphous material.
The basic physicochemical and textural properties of the silicalite-1 samples are shown in Table 2 . The specific surface area (S BET ) was obtained by analyzing nitrogen adsorption data at 77 K in a relative vapour pressure range of 0.01-0.5. The total pore volume was estimated based on the volume adsorbed at a relative pressure of 0.99. The surface area of both samples is similar, confirming that the MFI structure of both samples at the surface area of MFI-type molecular sieves is approximately 400 m 2 /g (Mintova and Valtchev 2002; Song et al. 2004; Serrano et al. 2007 ). The total pore volume of SON-SIL sample is much more than the CON-SIL sample while its average pore diameter is larger. Besides, the available pore area of pore openings with diameter of about 1.2 nm is lower, indicating the presence of less smaller pores in the SON-SIL sample. This is confirmed by BJH adsorption results, which show higher pore volume for small pore openings (<1 nm) in the CON-SIL sample and higher pore volume for pores within the 5-20 nm range for the SON-SIL sample. Therefore, it seems that adsorption of small molecules such as CO 2 and CH 4 on CON-SIL will be comparable with SON-SIL.
The nitrogen adsorption-desorption isotherms ( Figure 6 ) of either sample have a long and horizontal plateau, confirming that it is a Type I adsorption isotherm as defined by IUPAC (Sing 1982) . Normally, Type I isotherms are given by microporous solids. The hysteresis loop shape is an identification of specific pore structure, which has a different trend in the SON-SIL sample and is very much similar to the H 3 hysteresis loop. The shape of the CON-SIL curve indicates the presence of mesopores resulting from the formation of semi-spherical polycrystalline aggregates with narrow slit-shaped pores (P/P 0 = 0.42-0.9) while the hysteresis loop of the SON-SIL sample is shifted towards high relative pressures (P/P 0 = 0.9-1), suggesting the formation of inter-crystalline voids in the packing of small crystals to form plate-like particles. The overall nitrogen adsorption volume is increased in SON-SIL and the isotherm trend did not exhibit any limiting adsorption at high relative pressures implying that the sample is an opensurface material with large mesopores (10-20 nm according to BJH analysis) that allows the formation of multi-layer adoption as the P/P 0 increases (Chou et al. 2006; Yeong et al. 2009 ).
Adsorption Experiments
To provide a good insight into the adsorption experiments, the equilibrium-adsorbed amounts were sketched as a function of equilibrium pressure. The isotherm models were then fitted to the experimental data. For the simulation affairs, the experimental data should be correlated with an expression that includes the temperature dependency.
Adsorption Isotherms
Methane and carbon dioxide isotherms were well described by the Toth model. The Toth equation is one of the empirical equations that satisfy Henry's law behaviour. This equation, with the following form, appropriately describes many systems with sub-monolayer coverage.
(1) C C bp bp The parameters 'b' and 't' are specific values for each adsorbate-adsorbent pair. When 't' approaches unity, Toth isotherm reduces to Langmuir equation. Therefore, 't' can be contemplated as the system heterogeneity parameter. If it deviates further away from unity, the system is said to be more heterogeneous. Temperature dependencies of the parameters are summarized in Table 3 . (Do et al. 1998) Parameter
Temperature dependency
Isotherm equations were used for the regression of experimental equilibrium data at three levels of temperature. The Nelder-Mead algorithm was used as a direct search method to optimize the isotherm parameters by numerical programming in MATLAB. The isotherm parameters were estimated by non-linear regression and were obtained by minimizing the following objective function:
(2) Following this method, all isotherm temperature-dependent parameters were predicted and are listed in Tables 4 and 5 Figures 7-10 show the set of isotherms for the adsorption of CO 2 and CH 4 on both CON-SIL and SON-SIL adsorbents. It can be deduced that the adsorption capacity of CO 2 is higher than that of CH 4 on either sample. The difference between the polarizability of CO 2 versus CH 4 , high quadrupole moment of CO 2 and heterogeneity of the surface (Zhu et al. 2000) may be a reason for higher CO 2 adsorption capacity. By contrast, stronger quadrupole moment and higher tendency of CO 2 molecules towards silicalite-1 surface make it more diffusible. The non-polar CH 4 molecules showed weak attraction forces with the adsorbent surface that resulted in low adsorption capacity. A comparison of Figures 7 and 8 with Figures 9 and 10 suggests a larger slope for CO 2 isotherm especially at lower pressures. The results confirm stronger attraction forces between CO 2 and both adsorbent surfaces. Increasing pressure over the 500-kPa range had no significant effect on CO 2 adsorption capacity, while CH 4 adsorption continued to rise. 
Adsorption Selectivity
The single-component experiments were performed to calculate the ideal selectivity of each adsorbent towards carbon dioxide and methane. Adsorption selectivity of carbon dioxide over methane was calculated for both adsorbents using the following formula at each equilibrium pressure:
(3) Figure 11 exhibits the selectivity of CO 2 /CH 4 on both samples at 303 K and various equilibrium pressures. It is deduced that adsorption on the SON-SIL sample is in favour of CO 2 especially at lower pressures. It seems that at high pressures, methane can significantly penetrate into the pores; therefore, selectivity falls down at higher pressures. Moreover, the higher surface acidic properties caused by the amorphous phase matrix presented in the SON-SIL sample help in the formation of large CO 2 quadrupole moments and increase the selectivity in comparison with fully crystalline neutral CON-SIL sample, especially at lower pressures (Nicolaides 1999; Nicolaides et al. 2002; Yeong et al. 2009 ).
The CO 2 /CH 4 selectivities at atmospheric pressure and three experimental temperatures are compared in Figure 12 . As shown, temperature has no considerable effect on selectivity, which would probably be associated with big mean pore mouth size of silicalite-1 (0.55 nm) with respect to kinetic diameter of CO 2 (0.33 nm) and CH 4 (0.38 nm). In addition, more polar structure of the SON-SIL sample caused by amorphous materials on the surface made it ready for CO 2 adsorption than CH 4 at lower pressures. 
CONCLUSION
Silicalite-1 was synthesized by two different hydrothermal methods with respect to temperature and crystallization vessel type. A magnetic heater and a stirrer setup equipped with a condenser failed to produce silicalite-1 crystals at low temperature. By contrast, autoclaving at high temperature led to the formation of highly pure crystalline silicalite-1. Moreover, the effect of two consecutive steps of ultrasonic irradiation (mixing and ageing) was studied. According to the results, the sonication treatment was able to produce the crystalline silicalite-1 phase, but it was not successful in creating uniform crystals. A series of adsorption experiments were carried out to evaluate the effect of textural features of both synthesized adsorbents on the equilibrium adsorption behaviour of CO 2 and CH 4 gases. The sonicated silicalite-1 sample showed higher CO 2 /CH 4 selectivity, while the autoclaved sample possessed higher adsorption capacity under different operation conditions. The order of gas polarizability and the level of surface heterogeneity were two key factors controlling the adsorption capacity. In addition, the Toth model was found to be a very satisfactory framework for describing pure gas adsorption isotherms. 
